D espite major clinical importance as a cause of arrhythmias, how the transcriptional program of the ventricular conduction system is controlled remains obscure. In a recent article published in PNAS, Zhang et al identify an evolutionarily conserved role for the transcription factor Irx3 in regulating gap junction gene expression and fast propagation of electrical signal in the vertebrate ventricular conduction system. The ventricular conduction system (VCS), composed of the atrioventricular or His bundle, bundle branches, and Purkinje fiber network, plays an essential role in rapid conduction of the electrical signal from the atrioventricular region to the cardiac apex ensuring orchestrated apex to base ventricular contraction. Although the molecular and cellular events associated with morphogenesis of the VCS in the early embryo have been well-studied in animal models, [1] [2] [3] [4] less is known about how the conductive phenotype of the VCS is established and maintained, despite the clinical importance of this tissue as a cause of common arrhythmias. In a recent tour de force published in PNAS, Zhang et al 5 demonstrate a major role for the transcription factor Irx3 in regulating VCS function.
Irx3 is a member of the Iroquois family of homeobox transcription factor-encoding genes comprising six members in mammals, all of which are expressed in the heart 6, 7 Irx genes share extensively overlapping expression patterns that likely reflect their organization in the genome in two clusters of three genes. Functional analysis in animal models has revealed roles for Iroquois genes in the transcriptional control of specification and early patterning of different embryonic tissues, particularly in the central nervous system, kidney, limb, and heart, where roles for Irx4 and Irx5 already have been defined. Intriguingly, both Irx4 and Irx5 regulate cardiac physiological parameters rather than early morphogenesis (Table) . 8, 9 Irx4 is required to regulate the ventricular gene expression program and abnormal gene expression precedes adult-onset cardiac hypertrophy and impaired ventricular function. 8, 10 Irx5 is expressed in a gradient across the ventricular wall from endocardium to epicardium, and loss of Irx5 function results in upregulation of the I to,f channel subunit gene Kcnd2 (encoding the pore-forming subunit K v 4.2) in subendocardial myocardium. 9 Kcnd2 is normally expressed in a gradient opposite to that of Irx5, and I to,f controls progressive ventricular repolarization across the myocardial wall. Irx5 mutant hearts fail to establish a repolarization gradient and display an increased susceptibility to arrhythmias. Both Irx4 and Irx5 act predominantly by repression. Irx3, also a transcriptional repressor, has previously been shown to participate in neuronal, kidney, and pancreatic development. [11] [12] [13] By identifying a role for Irx3 in establishing fast conduction in the VCS, the article of Zhang et al further highlights the importance of Irx genes in the control of cardiac physiology and pathophysiology.
Zhang et al first used a reporter allele to visualize sites of Irx3 expression in the heart, demonstrating high-level expression of Irx3 in the developing and mature His-Purkinje network. Substantially more bundle branches were observed on the left than on the right side of the interventricular septum, confirming the previously documented asymmetry of the VCS. 14 Irx3-positive cells also express the gap junction subunit gene Gja5, encoding Cx40, an established marker of the VCS, but only low levels of Gja1, encoding Cx43, a gene downregulated during VCS development. Zhang et al then demonstrated that Irx3-null mice, although viable and fertile and with normal cardiac morphology, display a delay in ventricular activation downstream of the His bundle, indicating a conductive defect in the VCS. Optical mapping revealed a significantly slowed ventricular conduction velocity and right-side bundle branch block. This phenotypic asymmetry may reflect inherent fragility in the right bundle branch due to the morphological asymmetry mentioned; alternatively, this may result from intersection of Irx3 function with the distinct early origins of right and left ventricular myocytes in different progenitor cell populations. 15 Irx3 function in the VCS is evolutionarily conserved. Zhang et al showed that functional inhibition of the zebrafish homologue also slowed ventricular impulse conduction. The electrophysiological changes observed in Irx3-null hearts correlated with altered gene expression in the VCS, particularly decreased Cx40 and increased Cx43 levels. Ectopic Cx43 accumulation was noted at cell borders between the VCS and adjacent ventricular myocytes, and fluorescent dye injected into VCS cells was observed to spread abnormally to adjacent ventricular myocytes, suggesting that in Irx3-null hearts the electrical signal may be slowed by dissipation through impulse conduction away from the VCS as a result of altered gap junction coupling.
How tion with Nkx2.5 that would block Nkx2.5 activation of the Gja1 promoter at an overlapping target site. Together with Tbx5, Nkx2.5 has been shown to regulate VCS specification and Nkx2.5 haploinsufficiency results in hypoplasia of the VCS. [16] [17] [18] However, Nkx2.5 plays pleiotropic roles in the heart and the data of Zhang et al suggest a mechanism by which Irx3 may tailor Nkx2.5 target specificity within the VCS. In contrast, Irx3 appears to repress Gja5 indirectly, possibly by repression of a second, yet to be identified, repressor. Identifying such a repressor will be an important step toward testing this model. Repression of repressors is a common mechanism of transcriptional control, including in the definition of borders in the developing brain, where Irx3 functions through mutual repression of another homeodomain transcription factor Six3. 11 Interestingly, Irx2 transcript levels are elevated in the ventricle of Irx4-null hearts, raising the possibility that another Irx gene, perhaps Irx4 itself, may be involved in VCS patterning. 8 A detailed analysis of the cardiac expression profile of five of the murine Iroquois genes performed more than 10 years ago revealed that all five genes are expressed, albeit at different levels, at the top of the interventricular septum and in the developing VCS, including Irx3 and the Irx3 paralog Irx1. 7 This previous study predicted a role for an Irx code in specification of distinct components of the heart, including the VCS. Overlapping function between different members of this family thus is to be expected in the VCS and, whereas removing Irx3 reveals a clear role for this gene in controlling function and gene expression in the VCS, inactivation of additional Irx genes may uncover progressively more severe phenotypes. Finally, identification of the pathways restricting Irx3 expression to the VCS will be of major interest. Many developmentally important intercellular signaling pathways have been shown to lie upstream of Iroquois gene expression, and it will be interesting to see whether they intersect with potential regulation of the VCS phenotype by electric or hemodynamic forces. Conduction system disorders are an extremely common clinical entity, occurring either in isolation or in association with heart failure, and often result in life-threatening arrhythmias. 1 Investigation of the establishment of the conductive phenotype of the VCS is thus is of major clinical importance to better understand and eventually treat such anomalies. By identifying a regulator of gap junction gene expression and impulse propagation in the VCS, the study of Zhang et al makes an important contribution to such a goal.
